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Electronic density functional method
A B S T R A C T
Room temperature multiferroic Bi0.75Sm0.25FeO3 samples were synthesized using a solid-state reaction method
under high-pressure conditions (∼4 GPA). The calculations of band structure, electronic and spin densities
distribution of Bi0.75Sm0.25FeO3 multiferroic were performed using the local spin-density approximation plus
Hubbard U (LSDA+U) method in the framework of density functional theory. The calculations took into account
a collinear antiferromagnetic ordering of the Fe and Sm magnetic moments. Temperature and field dependencies
of the specific magnetization were investigated and correlated to the electronic structure of the multiferroic
sample.
1. Introduction
Bismuth ferrite (BiFeO3) based multiferroics with partial substitu-
tion of Bi3+ by rare earth elements are promising materials for devel-
oping new microelectronic devices due to the presence of the net
magnetic moment and magnetoelectric interactions [1–4]. An unusual
combination of the crystal ordering features and variation of the phy-
sical properties due to Sm substitution have already been observed in
Bi1-xSmxFeO3 solid solution systems [5–7]. It has been shown in Ref. [5]
that partial substitution of Bi cations by Sm (near 20 at.%) induced a
polar rhombohedral to a nonpolar orthorhombic phase transition,
which significantly enhanced magnetic performance of the sample. This
means that full suppression of the spiral spin structure peculiar to pure
BiFeO3 [4] takes place due to the composition-driven transition from a
rhombohedral to an orthorhombic phase. Additionally, improved di-
electric and optical properties in the Bi1-xSmxFeO3 system have been
demonstrated when Bi3+ was substituted by Sm3+ ions [7].
Mechanisms of the magnetic order formation and its structural de-
pendences have not been clarified so far. That is why a theoretical in-
vestigation of the origin of the spin-ordered state in such multiferroic
systems is of high importance. In this work, we present a study of
magnetic properties and electronic structure of Bi0.75Sm0.25FeO3 mul-
tiferroic based on experimental magnetization data and ab-initio
calculations of band structure and spin density distribution of valence
electrons.
2. Experimental details
The Bi0.75Sm0.25FeO3 sample was synthesized by solid-state reaction
method according to the ceramic technology [8] under 4 GPa pressure.
The initial powders Bi2O3, Sm2O3, and Fe2O3 (chemical purity 99.99%,
Sigma Aldrich Chemicals) were mixed manually. The stirring was per-
formed for 0.5 h in a dry agate mortar and for 2 h with ethyl alcohol.
The preliminary baking of the mixture was performed at a temperature
of 850 ± 50 °C in a ceramic vessel in air for 3 h. The heating rate was
10 K/min. After grinding and final baking at the same conditions, X-ray
diffraction and the final sintering by cold pressing at 4 GPa for 1 min
were performed.
Studies on the chemical composition, performed using energy dis-
persive X-ray spectroscopy (EDX) in the scanning electron microscope
(SEM) Hitachi S-3000N, confirm the chemical composition and purity.
The crystalline structure of the Bi0.75Sm0.25FeO3 sample was char-
acterized by X-ray diffraction (XRD) using DRON-3M diffractometer
with CuKα radiation. Rietveld refinements analysis with JANA2006
software [9] was used to determine the lattice parameters of the crystal.
Field dependencies of the specific magnetization were studied at
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temperatures 2 K, 10 K and 300 K in magnetic fields up to 5.5 T using
SQUID magnetometry (Superconducting Quantum Interference Device,
LOT-QuantumDesign MPMS-XL) and vibrating magnetometer (VSM,
OXFORD). Temperature dependencies of the specific magnetization in
the 2 to 80 K temperature range were measured using SQUID and 80 to
850 K by the ponderomotive (or Faraday's) method [10]. This method is
based on the measurement of the mechanical force acting upon the
specimen placed in a non-uniform magnetic field.
3. Crystal structure
The results of our XRD measurements and calculations are presented
in Fig. 1. The XRD pattern was successfully fitted using the orthor-
hombic (space group Pbnm) model.
Table 1 presents equilibrium values of the Wyckoff positions, and
lattice parameters determined experimentally and theoretically. The
theoretical values of the lattice parameters were optimized by mini-
mizing the total energy of the crystal Etot as a function of the three
lattice parameters a, b and c. Equilibrium lattice parameters are pre-
sented in Table 1. The data obtained in the work [11] is also presented
in Table 1 for comparison. The Bi0.75Sm0.25FeO3 crystal cell used in the
calculation is shown in Fig. 2.
4. Magnetic charachterization
Magnetic field dependences of specific magnetization for the
Bi0.75Sm0.25FeO3 (Fig. 3) demonstrate the presence of a weak magnetic
Fig. 1. Observed (black curve), calculated (red curve), and difference (lower green curve)
XRD patterns for Bi0.75Sm0.25FeO3 compound at room temperature. Fitting parameters Rp
(residual of least-squares refinement), wRp (weighted residual) and GOF (goodness of fit)
indicate very good refinement of a Rietveld model. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
Table 1
The equilibrium values of the Wyckoff positions and lattice parameters of the Bi0.75Sm0.25FeO3 composition.
x y z Lattice parameters
Bi3+(75%) (4с) 0.5147 0.0555 0.2500 Theory Experiment Experiment [9]
Sm3+(25%) (4c) 0.5147 0.0555 0.2500
Fe3+ (4a) 0 0 0
O12− (4c) 0.4080 0.4740 0.2500
O22− (8d) 0.6970 0.8010 0.9550
a, Å 5.3978 5.3936 5.1686
b, Å 5.5917 5.6001 5.0553
c, Å 7.7059 7.7645 7.4442
Fig. 2. Magnetic structure of the Bi0.75Sm0.25FeO3. The black arrows indicate Fe3+
magnetic moments. The white arrow indicates the net magnetic moment of Sm3+ resulted
from the spin canting along x-axis (see Fig. 6 below).
Fig. 3. Magnetic field dependence of the specific magnetization of the Bi0.75Sm0.25FeO3 at
2 K, 10 K and 300 K.
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moment in the sample. Substitution of Bi ions by Sm causes destruction
of the long-range antiferromagnetic spin order intrinsic to BiFeO3 and
the appearance of the small net magnetic moment (7,0–10,6) · 10−3 μB.
This changes the coercive field values in minor magnetic hysteresis
loops and the remanence absolute values.
As seen in Fig. 4, the value of bifurcation temperature Tbif, where
ZFC (zero field-cooled) and FC (field-cooled) magnetization tempera-
ture curves start to split, is 323 K. The spin-reorientation transition is
observed at Tsr ≈ 21 K. The presence of uncompensated magnetic
moment is evident in the temperature range from 80 to 323 K. The
absence of a pronounced maximum on the ZFC curve in the
Tsr < T < Tbif range confirms the presence of at least two mechan-
isms of magnetic ordering. The values of the specific magnetization,
measured in ZFC and FC modes, are equal at a temperature of
Teq = 4.4 K. The Neel temperature is TN ≈ 620 K.
With increasing external magnetic field, the specific magnetization
value increases and nearly reaches 1,0 Gauss·cm3·g−1 at 5.5T, which
corresponds to the magnetic moment value of 10.6·10−3 μB. Magnetic
properties of Bi0.75Sm0.25FeO3 can be interpreted taking into account
the presence of two magnetically active sublattices. Spin ordering in the
samarium sublattice is sensitive to thermal motion of the atoms. The
destruction of an antiferromagnetic order in the Sm3+ sublattice takes
place at a temperature of 10 K [12]. The experimental results confirm
the presence of two contributions at low temperatures: Sm3 + magnetic
moments and a total magnetic moment arising due to the turn of the Fe3
+ antiferromagnetically ordered moments. The received data indicate
that the weak ferromagnetism in the Bi0.75Sm0.25FeO3 at low tem-
peratures is caused by the disruption of the collinearity of magnetic
moments in both the d- and f-subsystems. For temperatures above
300 K, thermal motion destroys magnetic ordering of Sm3 + cations and
a slight turn of the magnetic moments takes place only in the d-sub-
system.
5. Band structure calculations
Band structure theoretical calculations were performed using elec-
tronic density functional method realized in the Wien-2k software
complex [13]. Compounds with partially filled inner d- and f-shells are
structures with a strongly correlated electronic subsystem. Therefore, to
calculate exchange-correlation interaction, local spin-density approx-
imation plus Hubbard U (LSDA+U) in the Kohn-Sham Hamiltonian was
used [14]. The calculations were performed using the full-potential
linear muffin-tin-orbital (FP-LMTO) method. The local exchange-cor-
relation potential (Vxc) parametrized by Vosko et al. [15] was used. In
the process of a self-consistent solution of the Kohn-Sham equations, 16
valence electrons for Sm (4f55s25p65d1s2), [8for Fe (3d64s2), 5 for Bi
(6s26p3) and 6 for O (2s22p4) were taken into account. Integration over
the Brillouin zone was performed according to the Monkhorst-Pack grid
5 × 5 × 5 scheme (which corresponds to 8k points in the irreducible
wedge of the Brillouin zone in the orthorhombic symmetry) until the
optimal values of the lattice parameters (corresponding to the values of
Hellman-Feynman forces of 10−6 Ha/Bohr) were reached. The values of
the muffin-tin radii were: 2.5 a.u. for Bi and Sm, 2.0 a.u. for Fe and 1.68
a.u. for O. The maximum kinetic energy of the plane waves was set to
25 Ha.
It was shown in Ref. [16] that theoretical values of the lattice
parameters of the orthoferrites weakly depend on the magnetic sym-
metry type. These calculations took into account the spin polarization
in the form of a homogeneous collinear antiferromagnetic (АFM) G-
type ordering for the Fe3+ cations (d-subsystem) and C-type for the
Sm3+ cations (f-subsystem) in accordance with the neutron diffraction
Fig. 4. Temperature dependence of the specific magnetization of the Bi0.75Sm0.25FeO3.
Fig. 5. (a) Total and partial electron density of states for Fe, Sm, Bi, O in the
Bi0.75Sm0.25FeO3; (b) Partial density of states for O and (c) Density of s-states for O.
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studies on orthoferrites isostructural samples [17,18]. Parameters of the
correlation interaction were set: Ueff = 4 eV for 3d-electrons of iron and
Ueff = 6 eV for 4f - and 5d-electrons of samarium. The results showed
that the stabilization of the electronic structure occurs at these Ueff
values [19,20].
The calculated partial electronic densities of states for different spin
directions for the valence electrons (spin up and spin down) are shown
in Fig. 5.
The calculations show that the Bi0.75Sm0.25FeO3 is a semiconductor
with a band gap Eg of 1.28 eV. The conduction band is formed out
mostly of the iron spin-down 3d-states. Two peaks at 1,28 eV and
1,95 eV, related to the spin-up 4f-states of samarium, act as a “filter” for
electrons with a certain spin orientation of the magnetic moment.
Energy levels of the strongly correlated iron 3d-states and samarium 4f-
states are mostly located in the valence band with a positive (spin-up)
spin direction. The bottom of the conduction band is formed out of the
iron 3d-states with a negative (spin-down) spin orientation and sa-
marium 4f-states with a positive (spin-up) spin direction. The top of the
valence band is mainly presented by 2s- and 2p-states of the oxygen
electrons. However, the contribution of s electrons is almost one order
of magnitude lower than p electrons (see Fig. 5b and c). As seen in the
electron density maps (Fig. 5a), there is a high valence electrons density
of the O2− ligands between the iron cations, which occupy 4c and 8d
Wyckoff positions. The same situation occurs in the f-sublattice. The
obtained results indicate the predominant role of the indirect exchange
interactions Fe3+ - O2− - Fe3+ and Sm3+ - O2− - Sm3+ compared to the
direct interactions Fe3+ - Fe3+, Sm3+ - Sm3+, Fe3+ - Sm3+. The dif-
ferential spin density distributions Δρ = ρ↑-ρ↓ (where ρ↑ and ρ↓ are the
valence-electron spin density with spin-up and spin-down respectively)
for the d- and f-sublattices are shown in Fig. 6. It is clear that the spin
densities in the d- and f-sublattices are qualitatively different and form
two magnetic subsystems. Interaction between these subsystems de-
termines the magnetic characteristics of the material.
The theoretical foundations of the formation of magnetic structures
in orthoferrites are now quite well developed [21–23]. The weak fer-
romagnetism is due to the disruption of the collinearity of the Fe3+ S( )id
and Sm3+ S( )fi spin magnetic moments (Fig. 7a and b) [22,24]. Ac-
cording to results of neutron diffraction studies [16,24,25], the mag-
netic structure of the d-sublattice at T < TSR is characterized by
Γ (F C G )2 xd yd zd symmetry. A supercell with 80 magnetoactive ions, which
includes four unit cells, corresponds to an extended magnetic cell
containing 16 Fe3+ ions and 4 Sm3+ions. With this spin configuration,
4 neighboring Fe3+ cations in the extended cell form a ferromagnetic
ordering along the x-axis Mod = S1d + Sd2 + Sd3 + Sd4 (as shown in
Fig. 7a) due to the rotation of the S1d, S2d, Sd3 and Sd4 magnetic moments.
The net magnetic moment of the magnetic cell is =M M4d od. According
to the symmetry laws, the Γ (F C G )2 xd yd zd representation for the d-sublattice
is compatible with the Γ (F C )2 xf yf representation for the f-sublattice [21].
Within the framework of the studied model of the magnetic structure,
the net weak ferromagnetic moment of the f-sublattice at zero magnetic






4 is directed along the х-axis, as shown in
Fig. 7b.
As seen in the inset in Fig. 4, in the absence of an external magnetic
field (ZFC) the magnetization increases when the temperature de-
creases. This is because a non-collinear AFM ordering of the f-subsystem
provides a positive contribution to the net magnetization at T < Tsr.
Cooling in the FC mode leads to the opposite effect: spin structure of the
f-subsystem simultaneously interacts with both an external magnetic
field and an internal field of exchange interaction of the d-subsystem,
leading to a decrease in the net magnetization. At temperatures above
Tsr, the AFM ordering of the magnetic Sm3+cations moments is de-
stroyed, and the f-sublattice turns into paramagnetic state. At
Fig. 6. Differential spin density maps of the valence electrons in the Bi0.75Sm0.25FeO3 for magnetic (a) d- and (b) f-sublattices.
Fig. 7. Magnetic configuration of (a) d-sublattice and (b) f-
sublattice of the Bi0.75Sm0.25FeO3.
A.F. Ravinski et al. Computational Condensed Matter 14 (2018) 15–19
18
T < 10 K, an additional contribution due to the weak direct exchange
interaction between Sm3+ − O2− − Sm3+ is formed. As a result, the
AFM order of G-type is created. With increased temperature, this type
of order is destroyed due to thermal motion and only remains in the f-
sublattice as a result of the much stronger Fe3+ − O2− − Fe3+ su-
perexchange [26]. Net value of the magnetization, determined by the
expression M = Md–Mf, allows to explain the experimentally observed
behavior of the temperature dependence of the magnetization using the
two-sublattice model.
The results of the magnetization measurement confirm that forma-
tion of the weak ferromagnetic state in the Bi0.75Sm0.25FeO3 at low
temperatures may be due to magnetic moments interactions in the d-
and f-sublattices. The coexistence and concurrence of contributions
from these spin-ordered structures determine the shape and values of
the magnetization temperature dependences. The Sm3+ ion is located
in a magnetic environment formed by superposition of an external field
and the magnetic exchange interaction field of the d-subsystem. One of
the reasons for this complex magnetization behavior is the concurrence
of FM and AFM contributions because of frustration of the magnetic
exchange interactions between magnetoactive subsystems.
6. Conclusion
The results of ab-initio (LSDA+U approximation of the DFT method)
calculations of the band structure allow us to confirm that the
Bi0.75Sm0.25FeO3 multiferroic is a semiconductor with a band gap of
1.28 eV in the ground state. The key role in the formation of the energy
bands near the Fermi level belongs to strongly correlated 3d-electron
states of iron cations and to f-electronic states of samarium cations.
Topography maps of electron density distribution indicate the presence
of a pronounced asymmetry in the f-sublattice. This asymmetry helped
us to explain experimentally observed features of the magnetization
temperature behavior in the framework of the two-sublattice (d- and f-)
magnetic structure model.
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